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One of the more unconventional methods to provide high strength 4ﬁ "
light weight materials for application over a wide range of temperature/.4 '%g
is the utilization of composites containing fibers. In such composites ’Z@
a combination of metals or ceramics is incorporated in such a manner N
that the desirable properties of each of the constituents is utilized.

Two types of metallic fibers are available; high strength wire, and e
whiskers. Whiskers have been reported to have tensile strengths ap-
proaching the theoretical strength of metals. 1 If a major portion or
all of this strength can be utilized in an engineering material a supe-
rior product could be obtained. By their very nature, however, whiskers
are difficult to produce, handle, and fabricate. Because of this diffi-
culty much must be learned about how to handle such fine fibers before
they can be used successfully and it has been expedient to conduct pre-
liminary experiments using wire. These polycrystalline materials have
been available for many years, and more recently, ceramics have also been
produced in filament form. Since metallic filaments exhibit unusually
high tensile properties and can be drawn to 1 mil diameter or less they
may be used as substitutes for whiskers to study the mechanisms by which
bonding may be accomplished. thermore, such effects as fiber orien-
tation, length, and stability can be studied using finely drawn wires.
Ultimately the background obtained may be utilized in the fabrication of
composites containing whiskers. Meanwhile, the high strength metal or
ceramic filaments which are now available may be used for a gréat many
composites.

plastics by the utilization of high strength glass filaments, fgiatively
little has been published on the reinforcement of metals with stronger
metal fibers. This is not to say that such composites have been com-
pletely ignored. For example: an Italian patent issued in 1948 covers
the reinforcemenf ?f aluminum anrc bronze utilizing steel wool as the re-
inforcing media. Many organiizetions are interested or actually con- .
ducting work in this field, although the only known published data on IZ)
e

Although considerable work has been done on the reinforcement of QA

strengths of reinforced metals containing metal fibers is that of the W
Clevite Corporation.(3) Others at Armour Research Foundation,(4) Ohio 1
State,(5) and Alfred University,(ﬁ) t0 name a few, have done work on the
reinforcement of ceramics using metallic filaments. This paper summa-
rizes some of the work conducted at the Clevite Research Center and work A e
now in progress at the Lewis Research Center of the HNASA. b3

First, the work conducted at Clevite under Navy sponsorship will be
examined. The results obtained fram these studies show some of the sig-
nificant increases in strength obtained by reinforcing titanium and a ti-
tanium alloy with molybdenum fibers. At the time the work was done, it .\t\\\
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was felt that a maximum density of 0.26 pounds per cubic inch was desireg.
This density was selected so that the product would be light weight and
predominately titanium. To keep the overall density within the desired
limits it was not possible to utilize more than 50 volume percent molybde-
num fiber.

Molybdenum wire was chosen as the reinforcement because of its high
strength, availability, and because rolybdenum forms a continuous series
of solid solutions with titanium. In other words no formation of brittle
intermetallic compounds would be possible at the fiber matrix interface.

Specimens were prepared using powder metallurgical techniques. Ti-
tanium alloy powder of -100 mesh was made by hydriding Ti-6A1-4V alloy
sheet which was subsequently crushed and ball milled. The powder obtained
from ball milling was then vacuum outgassed to remove the hydrogen and dry
blended with 10 mil molybdenum wire which had been cut to lengths of 1/10
to 1/4 inch. The blend was cold pressed into billets, and vacuum sintered
for one hour at 1800° F to remove the remaining hydrogen and to partially

density the billet. The L% inch diameter billets were canned in mild

steel and extruded to 5/8 inch rod {extrusion ratio =~ 6:1) at 2100° F.

' These rods were hot rolled in grooved rod rolls with initial rolling done

at 1800° F and, as rolling progressed, the temperature was reduced until
at 3/16 inch diameter the rolling temperature was 1450° F. The steel
Jacket was removed and the rod was given a final cold pass to improve the
surface and reduce the rod to 1/8 inch diameter. The rods were annealed
for 2 hours at 1350° F. Control specimens of unreinforced alloy were run
at the same time using the same base materials and methods.

Figure 1 shows what happened to the wire during the working opera-
tions. Originally, the filaments were randomly oriented within the bil-
let. During extrusion, the wires, particularly those at the outer surface
of the rod, began to orient themselves parallel to the direction of work- - .
ing. Rolling increased this preferred orientation and the resulting rod -
consisted of wires oriented parallel to each other and parallel to the ;
long axis of the'rod. In addition to the change in orientation, the fila- L
ments were reduced in diameter from the original 10 mils to 2 mils with a =~
corresponding increase in length. The filament length could not be meas-
ured because the wires dipped beneath the surface of the metallographic
plzne. Most of the wires were estimated to be one third to one half the
length of the specimen although a few may have extended completely through
the specimen. The individual wires retained their identity and a slight
diffusion zone could be seen at the wire matrix interface.

The results of tensile tests conducted on composites composed of the
Ti alloy reinforced with 20 volume percent molybdenum fiber are shown in .. .
Figure 2. These tests were conducted at room temperature, 1000°, 1200°,
and 1400° F. The improvement ‘in strength of the composites over that of | .
the alloy rod produced from the same powder is evident. At roam tempera-: .,
ture the improvement was approximately 30,000 psi and an advantage was
maintained at elevated temperature as shown in figure 2.

Figure 3 shows the same data plotted as the tensile strength - den-
sity ratio versus temperature. While at room temperature the unreinforced
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alloy nad & higher tensile-strength to density ratio than the composite,
the advantage was lost as the temperature increased. Although the curves
show that the advantage persisted to 300° F the actual cross-over point
is open to some gquestion because of the lack of data at the temperatures
between room temperature and 1000° F.

Improvements in other properties of the titanium alloy were also
noted when reinforcing fiber was used. Figure 4 shows the results of a
series of tests in which the modulus of elasticity was measured at vari-
ous temperatures using dynamic methods. Of particular interest is the
fact that beyond 600° F the modulus of the titanium alloy dropped off
quite rapidly while at temperatures up to 1400° F the composites exhib-
ited no such drop off. It should also be pointed out that the modulus of
elasticity increased with increasing fiber content. These results demon-
strate that by 51mply varying the amount of fiber it was possible to pro-
duce a "tailor made" composite hav1ng any desired modulus of elast1c1ty,
i.e., between 16X106 psi and 50x106 psi.

For materials of this type it is also necessary to know the stress
rupture properties as well as the short time tensile strength. The com-
posite composed of the titanium alloy reinforced with 20 volume percent
wire was tested at 1200° F for stress rupture life. The results of these
tests did not show the degree of success observed in the tensile tests,
however, there was reason to believe that the poor stress rupture llfe
was due to oxidation of the surface filaments.

A group of specimens composed of unalloyed titanium reinforced with
molybdenum wire was also tested for stress rupture life at a lower tem-
perature where the molybdenum fibers would not oxidize and sublime. The
composites used for these tests were produced in exactly the same manner
as previously described except thet unalloyed titanium was used as the
matrix. Figure 5 shows the results of these tests. At 800° F unalloyed
titanium had a 100 hour rupture life at 20,000 psi. The incorporation of
10 volume percent reinforcement increased the life 10 fold to 1000 hours.
At 1000° F and under the same stress unreinforced material had a life of
0.1 hour while the compositée had a life of 100 hours. Thus, the addition
of reinforcing filaments had a marked effect on the stress rupture
properties.

Some of the results and conclusions that may be cobtained from an .
analysis of the data obtained on reinforced titanium composites may be
summarized as follows. First, it was definitely shown that the tensile
strength of a titanium alloy was significantly improved by the addition
of molybdenum fibers and these improvements were noted over a wide range
of temperatures. It was also found that the strength to density ratio of
the titenium alloy could be improved significantly, particularly at ele-
vated temperatures by reinforcing with molybdenum fibers. Second, it was
shown that the modulus of elasticity of the titanium alloy - molybdenum
composite was increased proportionately as the quantity of molybdenum in-
creased up to 40 volume percent fiber. Third, unalloyed titanium, rein-
forced with molybdenum fibers, was greatly improved from a stress rupture
standpoint at test temperatures below the temperature at which molybdenum
oxidizes.
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materizl end tungsten as the fiver. These materials were chosen because
of their mutual insolubility. Also, copper was used because, when molien,
it wets tungsten. Furthermore, alter exposure to temperatures slightly
above the melting point of copper, the room temperature properties of the

-3

tungsten fiver were not seriously efTfected.

Figure 3 illustrates the steps involved in producing the tungsten re-
inforced copper bundles. t lengths of tungsten wire were cleaned with
sodium peroxide and ammonium hydroxide and loaded into an alundum tube.
This tube was then placed in a closed end guartz tube having a slug of
copper infTiltrant in the bottom. The entire assembly was heated to 2200° F
and held for one hour at temperature. During infiltration, the spaces be-
tween the wires of the tightly packed bundles served as capillary tubes
through which the molten copper could flow. The specimens were kept under
a vacuum during infiltration to prevent oxidation of the tungsten and
thereby provided a clean wire surface. This was essential since it was
found that any surface film on the wire greatly reduced the chances of
producing a successful infiltration.

Some variation in this procedure was found to be necessary when
specimens of low fiber content were made. Because of the larger openings
between wires, capillary rise could not take place and it became necessary
to "top feed" the specimens by placing the infiltrating material in the
tube above the wires and allowing gravity flow to take place. The specl
mens ranged from 40 mils to 1/8 inch in diameter and from three to six
inches in length.

Figure 9 shows a cross section of a test specimen and illustrates the
packing of the wires within the composite. The standard procedure for de-
termining the relative amount of copper and tungsten was to section the
specimen after testing and measure the cross-sectional area of the specimen
by planimetering a photo of the cross section. This area was used as the
basis for tensile strength cal:ulza<tions. The wires in the cross section
were then counted to determine the volume percent copper and tungsten.

Specimens of copper-tungsten fiber composites such as those described
were tensile tested at room temperature. Experimental data has been ob-
tained to date that shows the strength of composites ranging in fiber con-
tent from 14 to 77 volume percent. As a base line for comparison a revised
strength-composition diagram was developed. Figure 10 shows this strength-
composition curve (represented by the solid line) obtained by refining the
calculations used o plot the curve in figure 6. This revised curve may be
divided into two sections. The first portion of the curve represents a
composition range in which copper would be the major load carrying con-
stituent. This range can be calculated (see appendix) to extend from O to
about 5.3 volume percent fiber. 1In composites containing less than 5.3
percent, failure of tungsten ITiler:s wiulid not immediately result in failure
of the composite. In fact, since copder would be carrying the bulk of the
load, the fibers would fracture when the copper was elongated, as little
as 1.5 percent which was the elongetion of the tungsten fibers at their
fracture stress. Immediately after the fibers fracture, the load pre-
viously carried by the fibers would be transmitted to the copper. The cop-
per would then elongate until the ultimate strength of the copper would be
reached. The elongation at this point could be as much as 40 percent.
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The spproach used at the "7 Tesenrch Center has been to study the
mechanisms by wnich I composites. The specilic objectives
of +the research program ¥ ‘o Zetermine whether in composites of mutu-
21lly insoliuble metallic m ¢ ‘bers could be combined in all propor-
tions with the matrix aﬂd whetl ez2n constituent would carry its propor-
tionzal load. The second objective war to utilize short length, axially
orlenuea fibers, and to determinz <.z .virength of such composites compared

ith both the calculated strengih -4 =riusl strength of composites made
with continuous reinforcing five:r

To furnish a basis Tor tnz: we..ts 1t was felt that the problem
should be approached by cealculati.. .. strengths of composites containing

varying proportions of fiber and mcirix. Experimental values could then
be campared to the calculated values.

As a first epproximation, it was assumed that each constituent in a
two component composite would carry a load proportional to the tensile®
strength of the constituent and the volume of the constituent present;
then the tensile strengih of the compesite would be egual to the tensile
strength of the fiber multipiied oy trne volume percent of the fibers plus
the tensile strength of the metrix times the volume percent of the matrix.
Figure 6 shows a stirength composition diagram for such a system based on
these assumptions. The line drawn vetween the two constituents will give
the strength of any composite of a given composition. For any specific
composition, one might test specimens over a rangé of temperatures. Cal-
culations of strength of the specific composite could be made if the

strengths of the individual constituents at the different temperatures are
known.

Replotting some of the data obitained for the titanium alloy reinforced
with molybdenum will show, to some degree, ~ow known metallurgical varia-
bles can account for differences hetween ine experimental data and the cal-
culated strength. Since the experiments were designed to obtain high
strength composites rather than to study failure mechanisms, only portions
o the data mzy be utilized to make tne comperison. For this comparison
the results obtained for the compco:zite containing 20 volume percent fiber
were used. Figure 7 shows a calculated curve of tensile strength versus
temperature and the curve showing the experimental results.

Notice that the experimental data is well above the calculated data.
In fact it is 10 to 15,000 psi higher. The calculations were made utiliz-
ing the strength of the original moiybdenum fivers which were 10 mils in
diameter. The strength of the alloy was known from experimental data. The
reeson for the difference between the experimentally determined curve rela-
tive to the calculated curve may te twofold. First, the titanium and the
molybdenun in the composite are mutually soluble in each other and there
may have been some solution strengthening effects due to alloying. Second,
and perhaps of rore significance, the tensile strength of the molybdenum

fibers was probably higher after the product was extruded and rolled. Since

the diameter of the molybdenum wires was reduced from 10 to 2 mils, an in-
crease in their tensile strength may have been realized.

In the first studies at NASA, bundles of fibers cut to the length of
vpecimens to be tested were used. Copper was selected as the matrix
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In the composition ranges above 5.3 volume percent, the tungsten fi-
pers would become the predominant lozd carriers. Failure of some of the
fivers would result in almost immediate failure of the composite. This
mey Dbe reasoned as follows: Ac a load 1s applied to the composite, the

tungsten fibers would carry the dulk of the load. Upon fracture of one

> more Tibers, the load would have ©° ne sudporied by the remaining area
of the composite. This effectirely w . ir.crease the unit stress on all
remaining fibers and the remei:ing macrix. Zssentially immediate frac-
turing of the remaining fivers axc ix would pe expected. The strain
of the composite at maximum stress reccned during testing the composite,

would be essentially the same «c that of the tungsten fibers. It was
previously mentioned that the tungsten fibers have very low elongations
at fracture, approximately 1.5 percent; whereas pure annealed copper has
an elongation of about 35 percent at its ultimate tensile strength. IT
the copper in a composite were elongated to only 1.5 percent, it would be
stressed well below its ultimate tensile strength. From a stress-strain
diagram for copper, a stress o 5000 psi may be observed to occur at 1.5
percent elongation. The portion of the curve about 5.3 percent fibers,
would then be a straight line having a sirength intercept at 100 percent

Tungsten equal to the strength of the fiber and an extrapolated intercept,

at 100 percent copper, equal to £000 psi.

At extremely hich tungsten fiber contents(perhaps at greater than 90
volume percent) there is & possibility that the slope of experimentally
determined strength composition curves might increase due to triaxial
strengthening of the thin copper films. At these extremely high fiber
contents the interfiber spacing would be very small and the thin copper
films between the fibers may be retarded from slipping. This blocking of
slip might result in an increase in the strength of the composite somewhat
above the calculated values.

Figure 10 also shows the results of tensile tests conducted at room
temperature on tungsten-copper composites of various compositions. Tests
were conducted on bundles containing continucus wires of three, five, and
seven mil diameter and, although the test series is not complete, the com-
posites containing the finer wires were, generally, stronger than the com-
posites containing the larger wires. This was expected due to the fact
that the finer wires had a higher initial tensile strength. Of greater
interest, however, is the fact that the strength of the experimental com-
posites, in the range of 14 to 77 volume percent-fiber, falls along the
straight line previously calculated. These data show that, within the
range of compositions studied, the strength of the composite is directly

. proportional to the amount of reinforcement present.

Future work on composite bundies of this type will be concerned with
the variations which may be imparted to this curve due to closely packed
fibers of different sizes in high fiber compositions, alloying between
the fiber and matrix, and the effects on the strength of the composites
when the filaments are-electro polished to remove surface imperfections.

Figure 11 shows an interesting side light resulting from research on
these composites. It was found that a composite body could be bent quite
severely without fracture while a massive piece of tungsten of the same
size shattered when it was bent approximately 30° on a two inch radius.
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The second series of studies at the NASA wes conducted to investi-
gate the effects of fiber length on the tensile strength of composites.
Discontinuous Ifiber composites were made by packing cut lengths of 5 mil
tungsten wire in an alundum tube. The wires ranged in length from 1/8
to 5/8 inches although the majority were about 3/8 inches long. Because
the diameter of the tube was smell in comparison to the fiber length, the
fibers packed in such a manner thnat their long axis was oriented parallel
to the long axis of the specimen.

The wires were then infiltrutasd ~Ith copper using top feeding in a
manner comparable to that descritei for the bundles containing full

length fibers. The minimum test section length of the specimens was l%

inches and obviously since the fibers were considerably shorter than the
test section, the tests reflected the true effect of short fibers in a
composite.

The results of a limited series of tensile tests conducted on these
specimens are shown in figure 12. Specimens containing greater than 40
volume percent wire have not been tested. The data points shown on this
curve represent the work done to date and it is possible that future data
may modify some of this analyses. However, since all of the fiber con-
tents tested in this series are relatively low, the mechanisms that will
be discussed will apply to all of the specimens. of this type. The figure
egain contains the straight line drawn between the ultimate tensile
strength’ of the tungsten fibers and the strength previously utilized for
the copper matrix. Note that most of the data points fall very close to
this straight line. It may be recalled that the data for full length fi-
bers fell almost exactly on the same straight line. Thus the strengths
of the discontinuous fiber composites are zlmost identical to the strength
of the specimens with the full length fibers. Actually the fact that the
strengths obtained in the short length specimens fell upon the calculated
curve corroborates metallographic evidence that the fibers and matrix
failed in tension.

In order to explain the mechenism by which the discontinuous speci-
mens achieved their strengths, a simplified model (fig. 13) of such a
composite should be considered. Fibers in this type of composite were
alined parallel to each other and parallel to the long axis of the rod.
Also, one may presume that the fibers overlapped each other by varying
amounts and that they were individually bonded to the matrix. Because of
the overlazpping of these fibers, the stress was believed to be transferred
from one fiber to the next by a shear mechanism. The actual shear
strength of the copper to tungsten bond was not known. However, the sur-
face area of the fine filaments is very high and, therefore, it is possi-
ble to transmit a considerable load from the matrix to the fiber or vice
versa before the bond fails in shear.

The equations below show the procedure used to calculate a minimum
bond length that would transmit a load to the fiber equal to the tensile
strength of the fiber. To do this, the shear load was equated to the
tensile load.

Shear Load = Tensile Load
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AgX 0, = Aqp X 0p (1)
2rrl X oy = aré X O (2)
r [T ’
+-2(3) *
ST _ 330,000 (4)
g 5,000
L § 33r (5)

In eguation (1) the shear area of the specimen Ay multiplied by the
shear strength of the matrix o, - was equated to the cross-sectional area
of the fiber A7 +times the ten51le strength of the fiber op. In equa-
tion (2) the circumference of the wire was multiplied by the length of the
shear bond L and the shear stress and equated to the cross-sectional
area of the fiber times the tensile strength of the fiber. This simpli-
fied to equation (3) which expresses the length of the required bond as
1/2 the radius r times the ratio of the tensile strength of the fiber to
the shear strength of the matrix. The tensile strength of the fiber was
known to be of the order of 330,000 pounds per square inch. The shear
strength of the copper, however, was obtained on “the basis of several as-
sunptions. The published shear strength of copper was found to be approx-
mately 20,000 pounds per square inch. However, as mentioned previously ‘
the elongation of the composite was limited by the elongation of the tung-
sten. Therefore, using an analogy similar to that used for the strength
of copper in the continuous composites, a conservative value was selected
for the shear strength of copper. The value chosen for the shear strength
of copper was 5000 pounds per scuare inch. If this is the case then equa-
tion (5) shows that-the bond length required for tensile failure to be
equal to or greater than 33 times the radius. Since most of the work done
with the discontinuous fibers involved fibers 5 mils in diameter, the mini-
mun length of copper tungsten bond necessary to cause a fiber to fail in
tensile was thus found to be 0.082 inch. This was-considerably less than
the length of fibers (approximately 3/8 inches) used for these types of
specimens. Since the lengths used were more than adequate to obtain suf-

- ficient bonding the specimens failed in tension. The tensile strength
" data for composites made with short length fibers coincided with that ob-

tained for continucus fibers. Metallographic examinations of the fractured
specimens, particularly the longitudinal sections of the specimens, re-
vealed that the tungsten fibers necked down within the specimens and broke
at different elevations relative to the fracture surface. This supports
the conclusions that had been drawn based on the analyses of the data and
the calculations just made.

Implications of the results obtained from the discontinuous specimens
are of considerable significance. First of all, one might produce compo-
sites utilizing short length fibers, more readily, in many cases, than
composites containing long length fibers. In other words, the production
of short length fiber composites is easier and faster and the process it-
self seems to have more commercial potential. Secondly, fiber composites
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of varying properties may be produced by the simple expedient of varying
the fiber content of the composite. Thirdly, since composites may be
made of short length fibers and essentially have a strength equivalent to
composites made from long fibers, it is conceivable that high strength
composites can be made utilizing the same technigues, but using whiskers
as the fibers. This latter conclusion has obviously the most far reach-
ing significance for one may ultimaitely be able to tap the unusually high
strength that whiskers are known *tc nzave perticularly if the properties
of the whiskers are not destroyea ov =2 process of fabrication of the
composite.

Briefly, then, the results of the investigations can be summarized
as follows: It was possible to produce fiber reinforced composites by
both powder metallurgy methods and ligquid phase sintering. Furthermore,
it has been shown that composites having higher room temperature and ele-
vated temperature tensile strength than the matrix material can be made
using reinforcing fibers. Reinforcing fibers also had a marked effecf on
the stress-rupture life of the matrix. The studies of fracture mechanisms
have shown that in both continuous and discontinuous fiber composites con-
sisting of mutually insoluble materials, the tensile strength was directly
proportional to the amount of reinforcement present for a wide range of
fiber to matrix compositions. Of even more importance, discontinuous fi-
ber composites can be produced which have tensile strengths equal to the
tensile strengths observed in continuous composites. The experience
gained, then, may eventually lead to the practical utilization of some of
the phenominal strengths observed in whiskers.
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APPEIDIX - CALCULATED MAXIMUM FIBER CONTENT FOR CCMPOSITE
IN WHICH COPPER IS THE PREDCMINANT LCAD CARRIER

As mentioned in the text, the strensth-composition curve for these
tungsten-copper composites may be divided into two areas: The area where
tungsten governs the failure mechanism and carries the bulk of the load
and the area where copper is the predominant load carrier.

In the composition range where tungsten is the major load carrier,
the load carried by the composite may be determined for any value of A,
by equation (1).

P= o,(Ay) + °Cu1(ACu) ‘ (1)
where .
P = total load on the composite (pounds)
o, = temsile strength of tungsten (330,000 psi)
A, ='percent of cross-sectional area of éomposite occupied by tungsten

Oy, = tensile stress on copper at maximum elongation of the copper
1 .

(8000 psi)

-
o
It

a percent of cross-sectional area of composite occupied by
copper = 100 - A (since Agy + A, = 100 percent )
The maximum load carried by the camposite, where copper is the pre-

dominant load carrier, after the fracture of any wires present, 1s deter-
mined by equation (2).

P = agy,(Acy) (2)
where

Oy, = the ultimate tensile strength of copper (26,500 psi)

The camposition at which the predominant load carrying constituent
changes from the copper matrix to the tungsten fibers may be calculated
by equating (1) to (2) and solving for A_. A value of 5.3 volume per-
cent fiber was obtained for A,.




REFERENCES

1. Brenner, S. S.: '"Tensile Strength of Whiskers," Jour. Appl. Phys.,
Dec. 1956, p. 1484.

2. Pellegri, G.: "Casting of Metals and Alloys," Patent No. 448,785,
(Italy), May 25, 1948.

3. Jech, R. W., Weber, E. P., and Schwope, A. D.: "Development of Ti-
tanium Alloys for Elevated Temperature Service by Powder Metal-
lurgical Techniques," Final Report, July 15, 1957. (Contract No.
NCas 55-953-C, U.S. Navy.)

4. Armour Research Foundation Annual Report, 1956, p. 13.

5. Trostel, L. J.: "Ceramic Fiber Base Cermets," U.S.0.T.S., .
PB 121354, Mar. 1956.

6. Francis, R., et. al.: "Reinforcement and Cladding of Cermets,"
TR 55-489, WADC, Dec. 1955.




[

*599758dwod wnyuwg]] PaOJOJUTAL ISQTJ WNUSPQATOW SNONUTIUCOSIP JO UOTIBOTIqBI - °*T SandtTd

/£58L1-8D/

Sddald A3LN3RM0 -

S / aoy ATWOANVY LHOHS HLIM
| / A7\ Fdnelx3 1378 TYNIOINO

N1 Y,
N
X

1
1/
A
LW,
A

=27 \ %

L0 NAL >

JONVHO 9NIMOHS \x\&\&\h&ﬁ#‘
%)
22 -

P

QoY Q3ANNIXI 27>
Elle

’,
NOISNY1X3

A7
g

665-9




SR

/%68L1-SD/

00V

*I3QTJ WNUIPQATOW JUadISd aunToA 0z UM PIdIOJutas KoTTs

_

66

pus LOTT® WNIUBLF3 PIdIOJUILIUN J0J aangeiadwol snsasa yrsuaaqe sITsuldyl -~ ‘g 2an3td
do dN3L
002l 000l 008 009 00t o002 0
| | | K | I
. —{ob
(AP-TV9-I11)
\.ouox ATUNN-AOTIV L
!"!5“ 'Ow A
555»~7 a&
S .5555.5 ‘HLONIYLS
S - T 37ISN3L
1\ .Fl..ﬂ:a.l. © — 02|
Q30HOANIAY-A0TIV 1L I T
<]
—{ 091
201002

q




'I9Q1F unuspqATouw juacaad awnToA 02" YITA padaojurax LoTIB pue

£oTTe uNnfuelTg pssaogulsaun 10J aJanjesadud) snsIdA OF3ed A3TSUOP-yrBualls STTEUS], - ‘¢ aandTg
[688L1-SD/ do dW3L
00l  002| 000| 008 009 (0]0] 7 002 0
I | | 1 I I I
—12

, (AP =-T1vD--11) -lv ALISNEJ

)
N TS GIDUOLNIEIUINAD IV 1L 161 LS
/ Sao | INSNAL
A e S
.ﬁ.lﬂan/J ll/
Q=E0UOANIZU-A0TIV 1L iiawinw,a
| SSme. -8
~O
¢OIXO0l

66G-d




*IPQIJ wruspgdTow quasaad sunioa OF PuB ‘0¢ ‘02 UM paosaojutax AoTTw

pue AOTT® WNTUBITY} PSOIOJUTAIUN IO0F aangeradusd SNSIOA K3JOT1SBS JO SDINPCW - *¥ 2ar3g
/888L1-SD/ do .n=>_w._.
oo¥l 002l 0Q0I 008 009 (o]0}~ 00¢ 0 ol
I | | | _ _
(AP-TV9-IL) A0V 1L vl
mUHﬂH e
B=0wq_ PN % T0AOZ o
Qdﬁﬂfﬁ Edi LUﬂ/D -1 91 1€d
hﬂ#ﬂ%ﬂdﬁ#ﬁ!ﬁﬁﬂﬂﬂ"lllﬂﬁ o uﬁﬂllﬁliﬂllﬂﬂﬂLHHﬂlllll'ﬂﬂHﬁu .%{PﬁWHMWWA\IHW
Ol % T10A O € | / — 22 SNINAoW
-197¢
-
90IX0¢

6651




*22qT1J wnuapqATct qusoaad sumToA OT YITA padaoJulsa unjuwqglq paLoTTBUN PUB WNTUBLYTY

pafoTTrRUN EadIOJUTLIUN JO £ 0COT pue

/168L1-SD/

ISd 00002

ISd 00002

AI0YOANITY |7

v e et

a30804NI3AUNN (/7))

665~

Vil

%

008 9B 9JIT a2angdna ssaxls JO uosTaedwo) - *G 3an3Tdg

10
.
_
dH
‘3417
o) RNLNY
00l
000I




» *SUSNYTIELOD OMg BUTUTERUOD S83Fscduwod

P32.10JUTSI I3QTJ 10 3AIND UOT3Fsoduod-Y3susdls STISUSY O4EWAYDS - 9 8andT4g
/068L1-59/ 43814 LN3d¥3d IFWNT10A
d34ld XLV
HLON3JYLS
JISN3L

66G-1




'I2q1J wnuapgdTow jusotad sWNTOA 0Z YITA
paoa0Jutar LOTTR AF-TYD-TL JO yafuaaqes aTjsusy TeN3C® PUB P31BINOTEO JO UOSTJIBAWO) - */ aandTg

/€68L1-507/ 4o ‘dNAL
00 0021 000l 008 ©009 OO0y 002 0
I | | | | I | .
— ob
—o08
ISd
‘HLONTYLS
-~ | JUSNIL
WNLOY ™ Swo =~ 031VIN0TVO
l’ioﬂi’l’lnaﬁ _ |
nl.l#nﬂ = Il VAR 091
. ﬂyaﬂvll
0
¢01%002

66S-d




*sa31sodwod aaddoo-usqysiuny Juicnpoad ul paAToAuy sdaag

om@: mo\\ \/

R i

i

Ty

'

0D

*g aandt g

ﬁ e

66G-H




09N wﬁmSUPmcb *SaaTM UsqsPUNy TTW G - g% UT UTBIUOD
937504WOY 13dCOd PIdIOJUTA LIRSTUNY JO UOT}08S SEUSASUBIL - *§ 2an3dtyg

.-

/L68L1 SO/

) 66S-4




+15ddoz uy sJI9qiJ u93sfung SNONUTFUOD JFUTuTBIUOD gaq1soduwod

JO y3uagys STISUSY} PIAIISqO Pu® PajendTed Jo uostasdwo) - 01 2an3Td

/56821 3/

o]6]

Y3814 LN3OY3Ad INNTIOA
Gl

oS G¢é

L
I
TN E 4

665-d

0
\\\
- T
— 001
ISd
— 002 ‘HLONIYLS
JUSNIL
— 00¢
c0IX00p




868L1

*J2q8WeIp ouws JO uajsdung [nq 0%
poxeduod a3tsoduwod xaddoo-uajsdung Jo L3TTFIONP rusq quaxeddy - *TT 2an3td

-SD

| | M TIW S
:Eﬁ: 4ALIWVIA TN 0%
o | A11SOdW0D

R4S, gl

0) NZLSONNL-Idd0D

S
R |

a—

L PSS POV |

665-1




+g30ddoo ufl eg2qiJ u2qsluny snNONUTIUOISTP Jujuiwluod s931sodwod
JO yyfuaaqs ST[SUd]} POAISSQO pusB pajBINOTBO JO uostiedwo) - 2T 2an3t g

/essii-so/  YAGld LN30H3d JANTIOA
OO0l Gl 0§ G2 0

_ _ T A

— OOl

aaLvINoTvo 7 Sd
\ g — 002 ‘HLON3YLS
3ISNAL

-1 00¢

0l X00%

665-d




E-599

-~ ~TUNGSTEN
/FIBER

COPPER
MATRIX

b e e e e — __,\'
/

.;.;.;.;.;.;.;.;‘;\,,,:_.,:_;,,,.,.,...,.,.,.,.;.;.;.;.;.;.;.:.;.:.;.:.:;g:7;-;-:-:‘:‘:-:-:-:-:-:-:-:-:-:~:~':i'='l'1'=-¢'i"-'¢:
\ el

Figure 13. - Schematic loading diagram for an idealized situation.
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